We describe the genetic analysis of the bio operon of the biotin auxotrophic Bacillus subtilis natto OK2 strain. The OK2 strain would only cross-feed with the Escherichia coli bioB mutant and also grew well in medium containing dethiobiotin. Sequencing analysis revealed two significant genetic alterations in the bioW and bioF genes within the bio operon of the OK2 strain. Complementation analysis with B. subtilis 168 bio mutants demonstrated that only the bioB gene could complement, but other bio operon genes could not. A bio þ transformant, isolated from an OK2 strain, has biotin autotrophy.
The biotin biosynthetic operon in Escherichia coli and Bacillus subtilis has been well documented at the biochemical and molecular biological levels. [1] [2] [3] [4] Analysis reveals that analogous enzymes from the two species are similar, and both operons contain the bioF gene encoding 8-amino-7-ketopelargonic acid synthase, the bioA gene encoding diaminoperalgonic acid aminotransferase, the bioD gene encoding dethiobiotin synthetase, and the bioB gene encoding biotin synthetase. However, the early steps of the pathway, namely those involved in the synthesis of pimeloyl-CoA, are quite different. E. coli contains two genes; bioC, which is located in the bio operon, and bioH, which is not linked to the other bio genes, but the roles of these two genes have yet to be identified. On the other hand, B. subtilis contains the bioW gene encoding pimeloyl-CoA synthetase, which is also found in Bacillus sphaericus, 5) and the bioI gene, which shows no homology to either bioC or bioH but is able to complement in either bioC or bioH of E. coli mutants. 3) B. subtilis natto is a commercially important microorganism used in the fermentation of soybeans to make ''natto'', a popular food in Japan. Although DNA-DNA hybridization reveals that the genomic DNA of B. subtilis natto strains is highly homologous to that of B.
subtilis 168 6) the B. subtilis natto strain requires biotin for growth. Here we describe the genetic analysis of the bio operon in B. subtilis natto OK2, 7) a highly transformable strain, and compare it to B. subtilis 168. The goal of the study was to construct the hyper biotin producer of B. subtilis natto and use it to make ''biotinrich natto''.
In order to investigate the biotin biosynthetic pathway in the OK2 strain, cross-feeding experiments were done as described 8) with E. coli bio mutants (CGSC, Yale University), using B. subtilis 168 as a control. Although B. subtilis 168 cross-fed the E. coli mutants R872 (bioF103), R879 (bioA24), R877 (bioD19), and R875 (bioB17), an OK2 strain cross-fed only by the R875 (bioB17) strain (Table 1) . Moreover, both strains could not cross-feed an E. coli R878 (bioC23) strain. These results suggested that an OK2 strain could only convert dethiobiotin into biotin during the last step of the biotin biosynthetic pathway.
To analyze the biotin biosynthetic pathway of the OK2 strain at the molecular level, the bio operon derived from chromosomal DNA of the strain was cloned by PCR amplification with primers designed based on the 
Five E. coli bio mutants were separately streaked onto biotin-free medium in agar plates in which washed cells of Bacillus strains were suspended at a concentration of 6:0 Â 10 5 cells/ml. Cross-feeding under these conditions resulted from diffusion of biotin precursors excreted by the cells in the agar. Cross-feeding interactions were scored after 72 hours. +, growth; À, no growth.
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The bio operon was partially amplified using the following pairs of primers: BW-1 (CATCGGCATGTC-TATGGGAGG) and BA-2 (TAACCGCTCGTTTAAC-CAGG), for bioW and bioA genes; BF-1 (AACAAGC-GATCCACGAGGTT) and BD-1 (CTCTTCGTCAGT-CACTTCTG), for bioF and bioD genes; BB-1 (GAAT-CAAGTGGGGGTATGAG) and BI-2 (TTCGGCGG-GGCTGACACTTT), for bioB and bioI genes, respectively. Nucleotide sequence analysis shows the bio operon to have a similar structure to that of B. subtilis 168 with both operons arranged on a single operon in the order bioWAFDB and followed by two genes, bioI and ytbQ, (accession number of this sequence in the DDBJ, EMBL, and GenBank nucleotide sequence databases, AB088066) (Fig. 1) . The amino acid sequence homologies of these gene products with those of B. subtilis 168 are extremely high, as follow: BioW, 98.2%; BioA, 98.2%; BioF, 92.0%; BioD, 97.4%; BioB, 98.8%; BioI, 97.2%. However, we found two significant differences between the bio operon of OK2 and that of B. subtilis 168. First, a single-base change resulted in the replacement of Cys (TGC) (strain 168) by a stop codon (TGA) (strain OK2) at position 226 in the carboxy-terminus of BioW. Secondly, a 54 bp fragment encoding 18 amino acids in the bioF gene of B. subtilis 168 was largely deleted in positions from 848 to 901 in the OK2 strain. These results suggested that the bio operon in the OK2 strain was genetically defective and therefore showed biotin auxotrophy.
To analyze individual bio genes of the OK2 strain, each bio gene was tested for its ability to complement B. subtilis 168 bio mutants. Five B. subtilis 168 bio mutants (bioW, bioA, bioF, bioD and bioB) were constructed by insertional mutagenesis according to the method described previously. 3) Five bio genes of an OK2 strain were amplified with pairs of primers ( Table 2 ). The amplified DNA product was subsequently digested with appropriate restriction enzymes ( Table 2 ) and cloned into same restriction sites of the expression plasmid pWH1520 (MoBiTec). Each of the composite plasmids was used to transform each of above bio mutants of B. subtilis 168, respectively and selected for biotin auxotrophy or prototrophy (data not shown). Only plasmids carrying the bioB gene from the OK2 strain complemented the bioB mutant of B. subtilis 168. The other plasmids that carried the bioW, bioA, bioF, and bioD genes did not complement and these results were identical to those of the cross-feeding tests described above. Two genes of bioA and bioD from OK2 were highly homologous to those of B. subtilis 168, and seven (K39D, D67N, A201E, E205K, M219I, and S430T) and four (D28E, N29H, H32D, and R145H) amino acids substitutions were detected in the bioA and bioD genes, respectively. These substitutions seem to be essential for enzyme activity and further studies are now in progress.
In addition, we tested whether the OK2 strain could be used to synthesize biotin from its precursor dethiobiotin. The OK2 strain grew well on biotin-free medium containing dethiobiotin as well as medium containing biotin (Fig. 2) . Moreover, when insertional mutagenesis was done on the bioB gene of OK2, 3) this mutant did not grow on medium containing dethiobiotin (Fig. 2) . These results confirm that the bioB gene product in the OK2 strain is indeed involved in the last step of the biotin biosynthetic pathway. The results of this study using B. subtilis are similar to those of Hatakeyama et al. who used biotin-requiring coryneform bacteria.
8) By using cross-feeding studies with E. coli bio mutants, they demonstrated that coryneform bacteria lack of the enzymes involved in the early steps of the pathway, encoded by the bioF, bioC, and bioH genes. Taken together, the above results indicate that biotin auxotrophic microorganisms lack the functional genes involved in the early steps of the biotin biosynthetic pathway.
To confirm whether biotin auxotrophy is due to a defect of the above genes (bioW, bioF, bioA, and bioD genes) in the bio operon of the OK2 strain, we attempted to repair those genes by homologous recombination with the whole bio operon of B. subtilis 168. Strain OK2 was transformed with amplified DNA containing the bio operon by using the primers BW-1 and BI-2 and bio þ transformants were obtained on biotin-free medium. The nucleotide sequence analysis of five bio þ transformants confirmed that all of the transformants contained the substituted bio operon (data not shown). To evaluate the biotin prototrophy, we examined the growth of these transformants on biotin-free medium. Although the bio þ transformants grew well in both biotin-free medium and biotin-containing medium, the growth rate of this strain decreased gradually over repeated cultivations in spite of no alteration in the nucleotide sequences of the bio operon (data not shown). These results suggest that although bio þ transformants have biotin autotrophy, they are unstable genetically. Although B. subtilis 168 synthesizes pimelic acid as a true intermediate in the Fig. 2 . Growth of bioB þ and bioB À Strains of B. subtilis Natto OK2. B. subtilis natto OK2 was grown aerobically at 37 C in minimal medium (14 g of K 2 HPO 4 , 6 g of KH 2 PO 4 , 1.9 g of sodium citrate, 2 g of (NH 4 ) 2 SO 2 , 1.4 g of MgSO 4 Á7H 2 O, 5 g of glucose and 1 liter of deionized water) with or without biotin (0.1 ng/ml) and dethiobiotin (0.1 ng/ml), respectively. Cell growth was monitored by measuring the optical density at 660 nm. Symbols; , bioB þ strain with biotin: , bioB þ strain with dethiobiotin: , bioB À strain with dethiobiotin: , bioB þ strain without biotin. early steps of biotin biosynthesis, 3) the precursor of pimelic acid is still unknown as well as in the case of B. spharicus.
5) Therefore, we conclude that the early steps to produce pimelic acid are genetically unstable in the OK2 strain as compared with the case of B. subtilis 168.
